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ABSTRACT. Aspartic proteases are receiving considerable attention as potential drug targets in several
serious diseases, such as AIDS, malaria, and Alzheimer's disease. These enzymes cleave polypeptide
chains, often between specific amino acid residues, but despite the common reaction mechanism, they
exhibit large structural differences. Here, the catalytic mechanism of aspartic proteases plasmepsin Il,
cathepsin D, and HIV-1 protease is examined by computer simulations utilizing the empirical valence
bond approach in combination with molecular dynamics and free energy perturbation calculations. Free
energy profiles are established for four different substrates, each six amino acids long and containing
hydrophobic side chains in the P1 and Pbsitions. Our simulations reproduce the catalytic effect of
these enzymes, which accelerate the reaction rate by a factdi0# compared to that of the corresponding
uncatalyzed reaction in water. The calculations elucidate the origin of the catalytic effect and allow a
rationalization of the fact that, despite large structural differences between plasmepsin Il/cathepsin D and
HIV-1 protease, the magnitude of their rate enhancement is very similar. Amino acid residues surrounding
the active site together with structurally conserved water molecules are found to play an important role
in catalysis, mainly through dipolar (electrostatic) stabilization. A linear free energy relationship for the
reactions in the different enzymes is established that also demonstrates the reduced reorganization energy
in the enzymes compared to that in the uncatalyzed water reaction.

Aspartic proteases catalyze amide bond hydrolysis in shared between the aspartates, with the negative charge
peptides or proteins, where the substrates are either degradedelocalized on both carboxyl moieties. However, when the
for use as a nutrient source, activated to functional enzymessubstrate binds, the local symmetry is broken, causing the
or building blocks, or involved in signal transduction, etc. proton to be preferably localized on one of the catalytic
Since the aspartic proteases comprise a large group ofaspartates, which rotates and hydrogen bonds to the carbonyl
enzymes, they are found in all types of organisms and areof the substrate peptide bond during the react®n I has
not only associated with individual cells but also secreted also been proposed that the proton transfer occurs from the
(1). The catalytic aspartates are situated at the bottom of aprotonated aspartate to the carbonyl oxygen prior to the
deep cleft that is formed by two subunits or domains. Atop nucleophilic attack of the water/hydroxid®, (), generating
the cleft is a flap that closes upon binding of the substrate an O-protonated amide. Amide bond hydrolysis in water may
or inhibitor (2, 3). Although a covalent type of reaction proceed through an acid-catalyzed mechanism at low pH,
mechanism that resembles serine proteases has been pravhere a hydronium ion protonates the amide oxy@nl(
posed, the reaction mechanism that involves amide bondaspartic proteases, this would leave both aspartates charged
hydrolysis through an active site water molecule is now in the proximity of each other, however, which is energeti-
generally accepted. In this mechanism, one of the catalytic cally unfavorable. Furthermore, th&pof the amide oxygen
aspartates is protonated, while the other one is charged ands approximately-1 (9, 10), being approximately 6K units
functions as a general base that activates a water moleculgower compared to that of an aspartic acid, leading to a high
situated in the plane formed by the carboxyl groups of the activation barrier for such a process. If proton transfer occurs,
active site aspartated)( The water/hydroxide ion attacks then it is probably taking place concomitant with or after
the amide bond leading to a transient tetrahedral intermediate the nucleophilic attack of the hydroxide ioh1( 12). There
In subsequent reaction steps, the same aspartate, whicls an additional proposed reaction mechanism that involves
previously functioned as a general base, acts as a generahoth outer oxygens of the aspartates in the initial step of

acid protonating the leaving nitrogen of the tetrahedral water protolysis 13) but leaves the carbonyl oxygen of the
intermediate which leads to cleavage of the peptide bond scjssile bond without direct stabilizatioB)(

©)- . ) . , Hence, the reaction mechanism consistent with most

The detailed protonation state of the active site aspartates,, 5jjaple data is one in which the catalytic aspartate acts as
has been uncertaid), It is likely that a proton is initially a general acid/base, by activating a water molecule and
subsequently protonating the leaving nitrogen, while the other
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ing molecular dynamics (MB)simulations in combination  the energy barriers surrounding the tetrahedral intermediate,
with free energy perturbation (FEP) and empirical valence i.e., its formation and protonation of the leaving nitrogen,
bond (EVB) methods14, 15). Simulations are carried out are rate-limiting and probably similar in height. This is also
for aspartic proteases plasmepsin Il (PIm 1l), cathepsin D the conclusion that is reached herein.

(Cat D), and human immunodeficiency type 1 protease The reaction mechanism and protonation states of the
(HIVP) with several different peptide substrates. Our objec- catalytic dyad of aspartic proteases have previously been
tives are (i) to evaluate reliable free energy profiles for the aqdressed in several computational studB&s-@3, 88—90).
reaCtionS, (ll) to establish the Origin of CataIySiS in these These emp|0yed different approachesy ranging from gas-
enzymes, (iii) to explain how significantly different active phase QM calculations on small model systems to QM/MM
sites can give rise to the same catalytic effects, and (iv) t0 methods that treat the reacting atoms as the QM part,
explore whether these enzyme reactions obey linear freesyrrounded by enzyme and water that are represented with
energy relationships as commonly observed for solution an MM force field. MD is often used to establish the starting
reactions. configurations for different levels of QM calculations that
Plasmepsins are enzymes from the malaria parB&its have been used to determine activation barri8@. (The
modium falciparunthat are involved in the initial degradation only work so far that has tried to evaluate free energy
of host cell hemoglobini(7). Inhibitors designed against barriers, including the enzyme, in aspartic proteases is that
malarial plasmepsins must be selective toward human of Piana et al.32) on the HIV-1 protease-catalyzed peptide
aspartic proteases to avoid serious side effects, and a humahydrolysis reaction. They obtained very reasonable free
enzyme that must be considered in designing inhibitors of energy barriers of-20 kcal/mol and a tetrahedral intermedi-
plasmepsins is cathepsin D (Cat 8(19). Human Cat D ate at~12—13 kcal/mol. These calculations were, however,
is situated in the lysosomes and is implicated in the immune based on very short CaParrinello QM/MM trajectories of
response 3), and due to 35% sequence identity to the only 15 and 10 ps for the first and second reaction step,
plasmepsins, selectivity toward it is essential for a functional respectively, which gives relatively large uncertainties in the
drug. HIV-1 protease is involved in maturation of polypro- calculated free energies in addition to the errors associated
teins and is crucial for the production of infectious virus with the choice of density functionals (BLYP) and plane
particles g0), and its reaction mechanism has been the most wave basis set8p). Furthermore, that study concluded that
extensively studied2(l). the enzyme electric field is anticatalytic (!), because it

Reaction free energy profiles are calculated for the generalincreases the polarity of the dielectric medium, but that
base-catalyzed attack of the catalytic water molecule on theprotein motions are very important for the catalytic effect.
scissile peptide bond, yielding a (transient) tetrahedral In the work presented here, we employ the EVB/MD/FEP
intermediate, and for subsequent protonation and departureapproach that allows us to examine four different enzyme
of the leaving nitrogen. The abstraction of the water proton substrate complexes and compare different aspects of
by one of the catalytic aspartates is modeled as beingcatalysis. The EVB method is used to describe both the
concerted with attack of the hydroxide ion, in agreement with uncatalyzed solution reaction, which has been calibrated
earlier findings that stepwise and concerted mechanisms foragainst experimental and ab initio data, and the corresponding
this reaction have similar energetics both in solution and in enzyme-catalyzed reactions. The calculations generally re-
enzymes 22, 23). Rather than €N bond breakage, forma-  produce kinetic data very well, and the generated structures
tion of the tetrahedral intermediate and proton transfers haveare in good agreement with the three-dimensional structures
been suggested to be rate-limiting both in solution and someof enzyme-inhibitor complexes. The question of the origin
proteases A2—27). As far as the aspartic proteases are of catalysis and stabilization of the tetrahedral intermediate
concerned, the extensive studies by Meek and co-workersin these enzymes is addressed and related to structural
on HIVP have been most influential, includindN and properties. Electrostatic stabilization by prearranged dipoles
solvent kinetic isotope effects, data on incorporatioA®ef plays a major role during catalysis, and not only conserved
into unreacted substrates, and back-reactions with peptideamino acid residues but also conserved water molecules,
fragments §, 28, 29). The inverseé®N isotope effect speaks  which are part of an intricate network in the enzymes, are
against C-N bond breakage being rate-limiting but favors important in both PIm Il and Cat D, and in HIVP. From the
nitrogen protonation. Th&V/K solvent isotope effect of  calculated reaction free energy profiles, we also determine
exactly 1.0 would seem to speak against a proton in flight the correlation between the activation and reaction free
but could mean two protons in flight; the incorporation of energies, which is often denoted as a linear free energy
180 into substrate could indicate that this happens before therelationship.
rate-limiting step, but since the incorporation rate is slower
than the hydrolysis rate, it also seems compatible with a MATERIALS AND METHODS

kinetically significant intermediate with a preceding rate- ) ] )
limiting barrier that is lower than that o0 exchange The EVB scheme is used to describe amide bond cleavage

(which requires additional structural rearrangements). As by the aspartic proteases, and the reaction is represented as
described in ref6, these data do not provide a unique an interconversion between different resonance structures,

mechanistic solution, but the general picture emerging is that ®i- Each resonance structure is described by a specific
potential energy functiong;, that describes the bonding
) — _ - arrangement and charge distribution associated with that
Abbreviations: Pim I, plasmepsin; Cat D, cathepsin D; HIVP, gy ,ctyre. The effective EVB Hamiltonian involves the
human immunodeficiency type 1 protease; MD, molecular dynamics; . . . .
FEP, free energy perturbation; EVB, empirical valence bond; TI, diagonal (diabatic) energies of these resonance structures and
tetrahedral intermediate; TS, transition state. off-diagonal terms that describe the mixing between the
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states. Each diagonal energy function is given by mapping potential surfacg,. The free energy profilAG(X)

corresponding to trajectories moving on the actual ground-
Hiy =€ = state potential, Eq(X), is calculated from the umbrella
Ug())nd+ Ug?wgle+ U'S))rsion-i_ ng),rr-i_ U%,rs-i_ Uss+ a(l) (1) Samp“ng expressmrﬁ(l)

where the first three terms describe the intramolecular AG(X,) = ; Wi (AG(4;) — RTInlexp{ —[Ey(X;) —
potential energies of the reacting fragments (and their MOAE=Xn
possible connections across the QM/MM boundary) by € (X)/RTYL/ ; W, (3)
Morse bond potentials, harmonic three-atom angle bending, MO Ae=Xy
and proper and improper torsional angle functions. The fourth
term denotes nonbonded van der Waals and electrostatiévhere the discretized reaction coordinaXg € Ae = €1 —
interactions within and between the reacting fragments. The€2) is the energy gap between the initial and final diabatic
fifth and sixth terms describe the interactions between the surfaces 14, 15, 34). Different mapping vectors contribute
reactants and the surrounding environment and the potentiako the reaction coordinate intervad, and are weighted
energy of the surrounding enzyme/water system, respectively proportionally to the total contribution in that interval,
in terms of a standard force field. The last term of the namely,wy/3wn. Ground-state enerdyy(Xy) is obtained by
Hamiltonian represents the intrinsic gas-phase energy of themixing the diabatic states;, yielding the secular equation
given resonance structure with all fragments at infinite With solution
separation, i.e., noninteracting4, 15).

Combination of t_he EVB representatio_n of the reaction E = 1(6, +€) — l-[(e —_ e-)2 + 4H--2]1’2 4)
potential surface with the MD/FEP technique allows us to o 2vt mo2nt !
drive the system between valence bond statesdj and o )
sample system configurations along the wig; (5). At each The initial general base abstraction of the water proton by
configuration, the ground-state energy is obained as thethe catalytic aspartate and the following nucleophilic attack
lowest eigenvalue of the secular equation. Besides the©f the hydroxide ion on the scissile peptide bond can be
diagonal (diabatic) energies, the ground state also depend$€Presented by three different resonance structures (Scheme
on the off-diagonal matrix elementsl;, representing the 1) as used in our earlier .calculauons on the histo-aspartic
adiabatic mixing of the VB states and is typically described Protease (HAP) fronP. falciparum(23). @, is the resonance
by an exponential function or a constad#( 15, 23, 34). form for the reactants, an®s represents the tetrahedral
The EVB potential surface is fitted to available experimental intermediate resulting from the nucleophilic attack of the
or ab initio data regarding the uncatalyzed reaction in solution ydroxide ion. The reaction proceeding frof to ®; is
by adjusting the off-diagonal terms as well as the gas-phase€ither stepwise, i.e®; is fully formed, or concerted. Here,
energy shiftsp® (14, 15). The solution free energy surface ONly the concerted reaction mechanism is considered since
is thus calibrated, and the parametefsandHj;, although our earlier calculations for the malarial HAP enzyme showed
they in principle pertain to the gas-phase surface, are notthat the barriers on the free energy surface are similar for
explicitly parametrized for the gas-phase reaction. The the concerted and stepwise pathwa3§)(It has also been
advantage with this approach is that possible errors in thefound that the trypsin reaction as well as the uncatalyzed
solvation free energies (that relate the gas-phase reaction td1ydrolysis of formamide has similar activation energies for
the energetics in solution) of the reaction fragments can bethe concerted and stepwise mechanisms, implying a flat
handled by the calibration. This is useful since an accurate ransition-state surface?). The following protonation of
gas-phase parametrization could easily be “destroyed” bythe leaving nitrogen and-€N bond breakage are represented
errors in the reactant and product solvation energies of aPy moving from®; to @, and from®, to ®s, respectively,
few kilocalories per mole, thereby rendering the resulting @nd are simulated in the same manner as the first reaction

solution surface much less accurate. step @1 — @3). _ _ _
The calculations of free energy profiles follow the FEP ~ The advantage of the EVB method is that, by simulating
procedure described in refd and15. For the transformation ~ Peptide bond hydrolysis in water without the enzyme present,
between the VB states in a two-state model, the initial and W€ are able to calibrate the water reaction and activation
final states are “connected” via a set of intermediate mapping free energies to reproduce ex.pen.mental and ab initio results
potentials ém = 4™, + A", Wheree is given by eq 1 from refs22 and 36—39 by adjusting the EVB parameters
and 4™ + 4, = 1). The mapping vectokm = (A1™1,™, [Aai; = a®) — a® and Hj]. The overall activation energy
defining a linear combination between the potentials, changesfor the tetrahedral intermediate formatiod(— ®3) is 33
between values (1,0) for reactants and (0,1) for products. kc@l/mol, and the energy difference betweepand @, is
The free energy associated with moving from the initial to 27 kcal/mol @3). It can be.dlwded_lnto proton transfer from
final potential inn discrete steps is obtained from Zwanzig's Water to the aspartate side chai(— @), with a free

formula (35) energy difference of 15 kcal/mol and a barrier height of 18
kcal/mol 36, 38), and hydroxide ion attack on the peptide
AG(A,) = AG(A,— 4,) = bond @, — ®s), with a corresponding activation barrier of

ne1 18 kcal/mol and a free energy difference of 12 kcal/n2a (
_p1 _ _ 37, 39). The proton transfer from an aspatrtic acid residue to
In[éx € € 2
p m; PEA(eme — emlia (2) a secondary amine nitroged{ — ®,4) has an activation
barrier of ~2 kcal/mol and a free energy difference 66
wheres = 1KkT and the averagél[y, is evaluated on the  kcal/mol 23). Thus, the overall uncatalyzed reactidn —
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Scheme 1: Resonance Structurds) (Used in the EVB Calculations

Asp Asp
| | Asp Asp Asp
/oy N | | |
oo 00 /5 N /5N
| o d°% 0o
H H [ 9y
(I) oe H H [
H H H—oO H H—oO ®H 0 H
" | H | NI / \/
—C—N— ——» —C—N— ——» —CI—N— —_— —CI—N— — —c\\ N—
1l
Il o@ Oe 0
D, ®, @, @, @

Table 1: Enzymes and Corresponding Substrates Used in the atoms involved in the reaction and the surroundings. Other
Calculations atoms were subjected to a nonbonded cutoff of 10 A, and
electrostatic interactions beyond 10 A were treated with the

enzyme substrate . ) )
olasmepsin Arg-MetPhe-Leu Ser-Phe local reaction field (LRF) method to take into the account
cathepsin b lle-Ala-Phe-Phe-Ser-Arg long-range effects50). Water molecules close to the sphere
HIV-1 protease Lys-lle-Leu-Phe-Leu-Asp surface were subjected to radial and polarization restraints
HIV-1 protease GIn-Val-Leu-Ala-lle-Ala (48, 51). All atoms outside the water sphere were held by
aFrom ref40. ® From ref4l © From ref42. harmonic positional restraints of 100 kcal mbA -2, and

their nonbonded interactions are excluded. Water bonds and
@, has estimated activation and reaction free energies of 33angles were constrained with the SHAKE proced&a).(
and 22 kcal/mol, respectively. The-®l bond dissociation ~ Charges for the tetrahedral intermediate are the same as in
was parametrized as in r28. When necessary, the correction ref23. Simulations of uncatalyzed peptide hydrolysis in water
for bringing the reactants fro a 1 M standard state into a  were carried out with the same FEP/EVB protocol, and the
solvent cage with the same concentration as surroundingreference reaction was calibrated to reproduce experimental
water (55 M) has been mada4). and ab initio results22, 36—39) as described above. All

The tetrahedral intermediates (TIs) were built and docked FEP calculations were initiated at the Tl and carried out
manually on peptidic inhibitors in the enzyme crystal toward the reactants and products to achieve the most
structures of PIm 1l, Cat D, and HIVP with PDB entries efficient configurational sampling. The values/f,—z and
1LEE (40), 1LYB (41), and 4HVP 42), respectively (Table  Hizobtained for the uncatalyzed water reaction are 155 and
1). Substrates were chosen so that hydrophobic residues werd 16 kcal/mol, respectively. For the next reaction step, leading
in the P1 and Plpositions and experimentally derived free from ®3to &4 and from®, to ®s, the calibrated values are
energies of activation were at least 10 kcal/mol lower as follows: Aay—, = 115 kcal/mol andHs, = 79 kcal/mol
compared to those of the uncatalyzed reacté+46). A and Aoy—s = —128 kcal/mol andHss = 61 kcal/mol,
simulation sphere with a diameter of 44 A was centered on respectively. This calibration is then used without any change
the outer oxygen of the general acid/base aspartate, and théor the different enzyme reactions and is in agreement with
system was solvated with TIP3P water molecu&®.(In our previous study of the histo-aspartic proteags).(
total, 482, 452, 678 (K-I-L-F-L-D substrate), and 685 (Q- Moreover, the calibration of the concerted Tl formation was
V-L-A-I-A substrate) water molecules were added to 1LEE also validated on the Ala-Ala dipeptide (MeCO-Ala-Ala-
(40), 1LYB (41), and 4HVP 42), respectively. The nega- NHMe) following the protocol in ref23 and by extending
tively charged catalytic aspartates are Asp214 in Plm I, the FEP procedure to 1Q1points each with 10 ps sampling.
Asp231in Cat D, and Asp2in HIVP. It can also be noted
that Asp303 in PIm Il and Asp323 in Cat D have one of RESULTS AND DISCUSSION
their side chain oxygens only 2.6 A from the carbonyl oxygen  Aspartic proteases are efficient catalysts of peptide deg-
of Ser215 and Thr232, respectively, and these Asp’s wereradation and are experimentally found to accelerate the
therefore protonated. Crystallographic water molecules werereaction by~10°—10"fold, depending on the substratir(
discarded with the exception of HOH511 in 4HVP, which 43-46, 53), compared to the corresponding reaction in water
is positioned between the flap region and the inhibitf) ( which is extremely slow;-1071* s (22, 36—39). Calculated
and the catalytic water was in each case inserted into thefree energy profiles in the different enzymes are presented
crystal structures at the position corresponding to the relevantin Figure 1, where the calibrated uncatalyzed reaction profile
tetrahedral intermediate oxygen. in water is also shown. For PIm Il and HIVP (K-I-L-F-L-D

All MD/FEP/EVB calculations were performed with Q  substrate), both the nucleophilic attack and nitrogen proto-
(48) utilizing the OPLS-AA force field 49). We equilibrated nation and departure steps are calculated (Figure 1A,C). It
the solvated enzymesubstrate complexes by slow heating can be seen that the two transition states before and after
from 1 to 300 K for 386-740 ps and increasing the time the tetrahedral intermediate are very similar in height and
step from 0.01 to 1 fs. Free energy perturbation calculations that the entire region around the Tl is rather flat. This may,
for each reaction step were carried out with 41 values of the of course, complicate the interpretation of isotope effect
mapping parametet, with a 4 pstrajectory calculated at measurements since several molecular species then could
each point out of which 87% was used for data collection. contribute to the observed rates. Here, we will mainly focus
No cutoff was used for the nonbonded interactions betweenon the structure and energetics of the Tl region, and for the
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Ficure 1: Free energy profiles for the water reaction and for the enzyme-catalyzed hydrolysis of peptides: (A) PIm 1Il/R-M-F)-S-F (

and water reactior<¢), (B) Cat D/I-A-F-F-S-R, (C) HIVP/K-I-L-F-L-D, and (D) HIVP/Q-V-L-A-I-A. In panels A and C, the entire reaction

from @, to s is presented, whereas in panels B and D, only the path fbarto @3 is shown.Ae is the generalized reaction coordinate
corresponding to the energy gap between the indicated states. P, R, TS, and Tl denote products, reactants, transition state, and tetrahedral
intermediate, respectively.

Table 2: Observed and Calculated Activation and Reaction Free Energies (in kilocalories per mole ref&ative to

substrate system  AGopd AGead (D1 — D) AGeg (D1 — D3) AGead(D3— Dy) AGead(Ds— D) substrate
plasmepsin II 17% 19.6 16.5 19.6 17.9 R-M-F-L-S-F
cathepsin D 159 19.1 16.8 - - I-A-F-F-S-R
HIV-1 protease 17% 17.2 14.1 16.4 16.6 K-I-L-F-L-D
HIV-1 protease 219 21.4 18.3 - - Q-V-L-A-I-A
HAP® 19 209 12 13 10 R-M-F-L-S-F
watef 33 33 27 29 25 dipeptide

2From ref 46; alternatively values of 16.1 from reff7 and 17.00 from reb3. ® From ref45. ¢ From ref43. ¢ From ref 44. € Histo-aspartic
proteasef From ref17. 9 From ref23. " See Materials and Methods.

reaction with Cat D and the second HIVP substrate, only TS are robust features of these aspartic proteases. That the
the formation of the tetrahedral intermediate is considered. EVB coefficients in general can change substantially depend-
It can immediately be seen that all three enzymes exert aing on the environment is discussed elsewhere (e.g54)ef
large catalytic effect on the reaction, especially reflected as The individual TS and Tl free energies relative to the
a stabilization of the Tl and the preceding transition state reactants are given in Table 2 for the different reactions,
(TS) that has to be crossed. This TS is stabilized by 12 where also results from recent simulations of HAP (histo-
kcal/mol, while the free energy of the Tl is lowered by 23 aspartic protease) from. falciparumare shown for com-
kcal/mol in the different enzymes. The transition state parison (that enzyme has one of the catalytic aspartic acids
associated with nucleophilic attack in the aspartic proteasesmutated to a histidine, which makes it particularly interesting)
is located relatively close to the TI; it is thus a late TS and (17, 23). Furthermore, in the case of PIm Il and HIVP (K-
is mainly sampled with the FEP mapping parametésss I-L-F-L-D substrate), we also evaluated the free energy
(0.375,0.625). The same picture is obtained from the averageprofiles for C-N bond breakage following the procedure in
EVB coefficients for ground-state enerByin the TS ensem-  ref 23, and the barrier for this process was indeed found to
ble of structures, which gives between 61 and 65% weight be lower than that for the initial nucleophilic attack on the
to the Tl resonance form for the different enzymes. This is, peptide bond, with calculated values of 17.9 and 16.6 kcal/
of course, in agreement with the Hammond postulate for an mol for PIm 1l and HIVP, respectively (Table 2). In general,
endothermic reaction. It is, however, noteworthy that both the the calculated activation free energies are in remarkably good
EVB coefficients and the location of the TS along the gener- agreement with experimental ones derived from transition-
alized reaction coordinate are very similar in all enzymes, state theory. The only deviation from experiment larger than
indicating that the structure and charge distribution of the 2 kcal/mol is for Cat D where the barrier is overestimated
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Ficure 2: Interaction between the central water molecule and catalytic residues in the crystal structure of@)mQufer oxygens of
the aspartates are within hydrogen bonding distance of the threonine and serine residues.

by ~3 kcal/mol, and we will return to this issue below. The Before substrate binding, the aspartates are most likely
errors in the calculated free energies in Table 2 can be sharing a proton, which is supported by MD simulations of
estimated as a sum of the forward and backward summationthe apoenzymes (data not shown), and the monoprotonated
error associated with the free energy perturbation calculationsform of the catalytic dyad is part of a pH-dependent
and the error associated with using different initial conditions. equilibrium with the enzyme in both diprotonated and ionized
The latter was assessed by starting the EVB sampling fromforms G8). After the substrate binds, a rearrangement of the
random points along the initial equilibration trajectories. aspartates takes place during the reaction, enabling the
Using this procedure, one obtains total statistical error protonated Asp to make a strong hydrogen bond to the
estimates between 0.9 and 2.0 kcal/mol, with an average errordeveloping negative charge on the substrate carbonyl. Since
of approximately 1.5 kcal/mol. It is thus clear that the the peptide is in an extended form with the carbonyl of the
stabilization of the transition states relative to the water scissile bond positioned directly above the protonated as-
reaction is much larger than the corresponding errors. Takenpartate, it is possible for the charged aspartate to activate
together, the five different enzyme calculations in Table 2 the catalytic water. This is in accordance with previous
clearly demonstrate that the EVB model is able to capture theoretical studies 3@) in which the hydrogen-bonded
the catalytic effect of aspartic proteases accurately and thatcatalytic aspartates in the reactant state are found to have a
there is a significant stabilization of the TI accompanying lower energy than when an outer oxygen is protonated. That
the reduced activation free energy. It can be noted here thatthere occurs an isomerization step in the enzyme prior to
the substrates are built from the inhibitors in the existing substrate hydrolysis, where the enzyme is isomerized to a
crystal three-dimensional structures, with the exception of kinetically competent complex, has also been found in the
HAP (23), and no major adjustments were required to fit work of Porter et al. §9). The simulated substrates are
the active sites. With the high degree of structural similarity generally two amino acids shorter than the ones used in the
between substrates and inhibitors, automated docking cal-kinetic assays43—46), not taking into the account the linked
culations, like those used in the HAP cas¥8)( are not fluorophore and quenching groups in PIm 1l and Cat D. The
necessarily required for the prediction of substrate conforma- corresponding effects on the relative rates between the
tions. enzymes should, however, not be very pronounced and are
The main structural differences among PIm Il, Cat D, and <1 kcal/mol for PIm Il and Cat D45, 46). The obtained
HIV-1 protease are (i) the flap region that in HIVP consists rate constants for PIm Il and Cat D are somewhat underes-
of two flaps, (i) the consensus Asp-Thr/Ser-Gy $¢equence  timated compared to the experimental rates but are still in
of aspartic proteases which continues with alanine in HIVP reasonable agreement, whereas they are reproduced very well
(in PIm 1l and Cat D it is either a serine or threonine), and for HIVP.
(iii) the counterpart of Tyr77 (PIm Il numbering) in the flap The structure of the Tl that emerges from the MD
that has also been implicated in TS stabilizatibB) (but is simulations (Figure 3) closely resembles the transition-state
not present in HIVP. The substrate is held in position during mimics present in crystallographic complexes with enzymes
the reaction by a hydrogen bond network between the (40—42). It is clearly evident from Figure 3 that the Tl has
backbone of the substrate and the enzymes, as well as bysurprisingly similar conformations in both PIm Il/Cat D and
the complementary shape of the substrate and the active sitedIVP. Notably, most important hydrogen bonding interac-
Being a homodimer, HIVP totally enfolds the substrate, while tions are centered around the scissile bond. The aspartate
PIm 1l with only one flap exposes a greater part of the active that is initially protonated donates, as expected, a very strong
site to water. This may be one reasone for why additional hydrogen bond to the anionic oxygen of the TI, and this
interactions between Ser37 and Thr217 (PIm Il numbering) proton may well be transiently transferred to the Tl in
and the catalytic aspartates in PIm Il and Cat D are requiredaccordance with some mechanistic proposalsi(, 12).
(Figure 2). Although such a resonance structure could also be included
The initial protonation of the aspartates has been disputed,in our calculations, it appears that the situation is represented
but the model described herein is supported by several studiesvell by a strong anionic hydrogen bond, which will also be
(5, 11, 12, 30, 32), although models in which the opposite present if the proton is formally located on the TI oxygen.
aspartate is protonated have also been repo&éd5(7). The structures and activation energies determined here also
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HIVP&
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HIvPP

Ficure 3: Tetrahedral intermediate (yellow) in complex with the respective enzyme (green): (A) PIm IlI/R-M-F-L-S-F, (B) Cat D/I-A-F-
F-S-R, (C) HIVP in complex with K-I-L-F-L-D, and (D) HIVP in complex with Q-V-L-A-I-A.

agree well with QM/MM calculations on HIVRBQ, 32), but indicating that the substrate is in a perfect conformation for
it can be noted that hydrogen bonding between the generalcatalysis. In fact, hydrogen bonding to the leaving nitrogen
base aspartic acid and the leaving nitrogen is not predictedin the tetrahedral intermediate could already contribute to
in the Tl of ref 32 In our simulations, the general base an observed invers€N kinetic isotope effect, making the

aspartic acid in all cases has its proton interacting with both assignment of nitrogen protonation as the rate-limiting step
the leaving nitrogen and the hydroxyl group of the TI, less certain. This issue was checked by calculating the
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equilibrium*N isotope effect upon formation of a hydrogen during MD and are bridging the electrostatic interactions
bond between CkDH and NHCH; or NH(CH), at the HF/ between Tyr77 @ Ser37 Q, and Asn39 O (watl) and the
6-31G* level using the Bigeleisen equatio®0] and fol- substrate Ser QAla38 N, and Leu131 O (wat2), respectively
lowing the procedures in re&l and62. The resulting isotope  (Figure 4). It is remarkable that the MD simulations are able
effect is as expected inverse and).998. It thus seems to predict the position of these water molecules, especially
possible that the observétN kinetic isotope effect of 0.995  taking into the account the fact that no crystallographic
(6, 28, 29) could reflect just hydrogen bonding rather than waters, except the catalytic one, are retained from the X-ray
full proton transfer to the leaving group. structures. It was demonstrated previously that watl is
The substrate conformation farther from the cleaved conserved across pepsin-like aspartic proteases and possibly
peptide bond is also predicted to interact favorably with important for the reaction mechanis®5f. The proposed
specific hydrogen bonds to the enzyme. For instance, thehydrogen bond pattern with respect to the Tl and watl in
substrate P2 and Pdarbonyls are accepting hydrogen bonds ref 65 is reproduced by our simulation and is unchanged
in PIm Il/Cat D from the flap and in HIVP from the water during catalysis. On the other hand, it appears that wat2 is
molecule situated between the flaps and the substrate.only present in those cases in which thé p@sition in the
Although it is more difficult to predict binding conformations  substrate is a serine residue.
near the ends of the substrate, where the active site funnel In HIVP, water molecules appear to play a more important
broadens, the interaction between the substrate and Ser7®ole in stabilizing the tetrahedral intermediate by favorably
(PIm 1) and Ser80 (Cat D) is properly reproduced. This oriented dipoles. The interaction energy between the structur-
interaction has been shown to be important for catalysis, andally conserved HIVP water molecule (watl), situated between
the loss of it has an negative effect on the rate cons&)t ( the flap region and the TI, and the reacting groups in the
Detailed analysis of the active site residues reveals thatEVB region is calculated to be-4.4 kcal/mol. In addition
the geometries of the catalytic dyad and the Tl are excep-to watl, we found four other water molecules, waf
tionally similar in HIVP, PIm I, and Cat D. The groups (Figure 4), that contribute significantly to the interactions
surrounding the catalytic aspartates, which have the samewith the reacting system, approximateh8 kcal/mol. As
function in both types of aspartic proteases, are the backbondllustrated in Figure 5, where the distribution of water
nitrogens of Gly36 and Gly216 in PIm Il and Gly27 and molecules is plotted in terms of their interaction energy with
Gly27 in HIVP (Figure 3). Immediately noticeable in HIVP  the TIl, wat1-5 are unique relative to the rest of the water
is the lack of serine or threonine residues that interact with molecules that mainly have energies betwednand 1 kcal/
the outer oxygen of Asp25 and the hydroxyl of the Tl as in mol. Like watl, wat2-5 also have their dipoles pointing with
PIlm Il or Cat D. These residues are replaced with Ala28 their positive ends toward the Tl (Figure 4). In total, these
and Ala28in HIVP, which are both involved in stabilization  five water molecules (wati5) contribute approximatehr12
of the inner oxygens of Asp25 and Asp2% backbone kcal/mol to the electrostatic interactions with the reacting
nitrogens. Overall, the protonated aspartate in HIVP loses asystem in the Tl, with both substrates. Watl has the largest
hydrogen bond interaction, present between Ser3 @ contribution as expected. Furthermore, it is notable that the
Asp214 Q; in PIm Il and respective residues in Cat D, but five water molecules are conserved in the wild type as well
gains an alternative interaction with Ala28 N. However, there as different mutants of HIVP6@), and their predicted
is no obvious replacement in HIVP for the PIm Il Thr217 positions are compared in Figure 4 to the crystallographic
interaction that is involved in Tl stabilization (the energetics ones 68). It should again be emphasized that wafwere
behind this is discussed in the next section). The role of this not retained from the crystal structure but evidently find their
side chain seems puzzling since it is changed to an alanineway into the favored positions spontaneously, and it is
in renin ©4), a PIm Il-like protease, without a loss of striking how well the MD simulations are able to predict
catalysis. As discussed by Andreeva and Rung&), (the the microscopic picture a priori. In the HIVP complex with
presence of this residue is correlated with pH, and in enzymesthe Q-V-L-A-I-A substrate, having an alanine in the'P1
working at high acidity, it is essential for protecting the position, two additional water molecules can enter the space
charge on the catalytic aspartate. Since HIVP catalyzesthat is occupied by the phenylalanine in the K-I-L-F-L-D
peptide hydrolysis at a pH optimum of 68), the presence  substrate. This results in a less organized enzysubstrate
of the threonine residue may not be required. However, it structure on the prime side that seems to explain the much
seems to be necessary in PIm Il that is involved in slower catalytic rate for the Q-V-L-A-I-A substrate.
hemoglobin degradation in the acidic food vacuole of the  Origin of the Catalytic Effect in Aspartic Proteaselhe
parasite, with a pH of-5, which is also the pH optimum of  catalytic power of the aspartic proteases is analyzed here by
the enzyme 6). Cat D purified from human erythrocytes comparing average intra- and intermolecular interactions

also has an activity maximum at an acidic pH-e8 (67), involving the EVB region and the surroundings, both in water
and the presence of the corresponding Thr234 thus appearand in the enzyme reactions. In water, solvent-induced
logical (cf. Figure 3A,B). barriers may arise due to the delocalization of charge in the

The aspartic proteases considered here are good examplesansition state or high-energy intermediates. The attack of
of how enzymes use their three-dimensional network of hydroxide ion on formamide is an example in which the
amino acids, not only to provide a stable frame for the resulting Tl is significantly destabilized by solvation effects
stabilization of the transition state but also for incorporating as the concentrated hydroxide charge becomes spread out
water molecules that conserve structural features or directover several atoms2p, 69). This type of effect also
their dipoles for favorable interactions during the reaction. contributes to the destabilization of the tetrahedral intermedi-
In PIm II, there are two water molecules involved in the ate in water compared to the enzymes in the present case,
positioning of side chains, watl and wat2, that are conservedwhere the negative charge initially resides on a carboxylate
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Ficure 4: Positions of important water molecules in the MD simulation: (A) PIm Il and (B) HIVP/K-I-L-F-L-D. The structure of HIVP
in complex with the Tl is superimposed on X-ray structure 1FFI. Green spheres are water molecules from the crystal structure and have
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Ficure 6: Energy difference between the Tl and the reactants in
water and in the enzymes. The calculated energies are only for the
groups in the EVB region. Abbreviations: el, electrostatic energy;
vdW, van der Waals energy. HIVP is in complex with the K-I-L-
F-L-D substrate. HIVP is in complex with the Q-V-L-A-I-A
substrate.

angle improper

are in PIm Il (Cat D), besides the catalytic aspartates, Gly36

and the nonbonded van der Waals interactions do not have(Gly35), Tyr77 (Tyr78), Tyr192 (Tyr205), Gly216 (Gly233),

any significant effect on catalysis, while a general trend of

and Thr217 (Thr234) (Figure 7). The favorable energies

more favorable electrostatic interaction in the enzymes than mainly reflect interactions with the negative charge that, after

in solution is observed (Figure 6). The most prominent
contributions to the electrostatic interaction energy with the

water proton abstraction by the catalytic aspartate, is migrat-
ing to the tetrahedral intermediate. The backbone NH groups

reacting groups are naturally associated with residuesof Gly216 and Gly36 are donating hydrogen bonds to the
centered around catalytic aspartates. However, there are alsoxygens of the aspartates. During the simulations, Thr217

significant contributions from groups localized farther from

0,1 is positioned equidistantly between Asp214 @nd the

the aspartates (Figures 7 and 8), including the HIVP water Tl in PIm Il and is directly involved in stabilizing the reaction
molecules mentioned above (Figures 4 and 5). Residues thatFigure 3). Asp34 (Asp33) in PIm Il (Cat D) is providing

have interaction energies below approximately kcal/mol

the main stabilization of the negatively charged oxygen in
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Ficure 7: Electrostatic interactions between the residues in PIm Il (top) and Cat D (bottom), and the reacting system used in the EVB
calculations at the Tl state.
the TI, but another residue that is relatively close is the is clearly evident from Figure 7 that these two tyrosines,
aromatic ring of Tyr77, with a shortest distance of 4 A. In not present in HIVP, make a greater contribution during the
aspartic proteases, it has been implied that the edge of theeaction than most of the other amino acids.
aromatic ring of the counterpart of Tyr77 contributes to the  The plots of the electrostatic interaction energy between
stabilization of the developing negative charge on the the Tl and the surrounding protein residues in HIVP are
substrate oxygersg). Tyr77 in PIm Il contributes ca-—8 remarkably similar to those of PIm Il and Cat D around the
kcal/mol to electrostatic interaction with the reacting groups catalytic aspartates (Figures 7 and 8). However, there are
at the TI, approximately half coming from the backbone with differences involving Gly27 and Gly27and Ala28 and
the rest from the side chain. The orientation of the tyrosine Ala28, in HIVP. Gly27 is the counterpart of Gly216
ring as well as the distance to the negative oxygen determineqGly233) in PIm Il (Cat D) and has approximately the same
the magnitude of the interaction, which in our case is ca. interaction energy with the reacting groups, while Gly27
—3.5 kcal/mol. This type of oxygenaromatic ring interac-  stabilizes the reacting species more in HIVP than does the
tion in proteins has been discussed in detail previou&dy. ( PIm Il (Cat D) Gly36 (Gly35) residue. Ala28 is energetically
The mutation of the equivalent tyrosine to phenylalanine, equal to Ser37 (Ser36), while Ala2& clearly not able to
Tyr75Phe, in pepsin does not result in any major decreasereplace the effect of Thr217 (Thr234) in PIm Il (Cat D).
in keat (71). On the contrary, mutations to other amino acids, Therefore, our conclusion is that the favorable interaction
except for asparagine, lead to a much lower activity, and between Thr217 (Thr234) and the EVB region in PIm Il (Cat
these findings thus support the role of favorable aromatic D) is counterbalanced by the strong Gly27 interaction in
ring interactions with the TI{1). Tyr192 in PIm Il also has  HIVP. Another striking difference is the lack of tyrosine
a favorable electrostatic interaction energy with the reacting residues Tyr77 (Tyr78) and Tyr192 (Tyr205) present in PIm
species, and as for Tyr77, the side chain contributes Il (Cat D), but as mentioned previously, HIVP has two flaps
approximately half, i.e.;-2 kcal/mol, of the total-4.6 kcal/ and several structurally conserved water molecules that can
mol interaction. The situation is equivalent in Cat D, and it compensate for these interactions. We note that neither our
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FiGuRE 8: Electrostatic interactions between the residues in HIV-1 protease in complex with K-I-L-F-L-D (top) and Q-V-L-A-1-A (bottom)
at the Tl state, and the reacting system used in the EVB calculations.

results nor mutation studied ) give any support to the A
hypothesis that the protein electric field is anticataly&i2)( S
Linear Free Energy Relationships and Reorganization ¥ 3

Energies.Differences in the so-called reorganization free
energy between the water and enzyme reactions have also
been shown to contribute significantly to enzymic rate
accelerations94, 72—74). Recent simulations also showed
that this effect manifests itself in the peptidyl transfer reaction
on the ribosome75). In a charge separation or transfer
reaction taking place in aqueous solution, charge movement
is followed by simultaneous reorientation of water dipoles (Ae) /
leading to hydrogen bonds being broken and re-formed, ’7
which contributes significantly to the activation barrier. In 77
enzymes, dipoles and charges may already be favorably = AGHY, |AG®
orientated toward the transition state and the energy required N
to hold them at the correct orientation during catalysis is

prOVId_ed by the protein f0|c_hng_energ?3). This I_eads toa FiGure 9: Reorganization energy as a function of the energy
redu_ct|on of the reorgamzatlon energy, which can be gap, Al and the free energy difference for the reactinG®.
considered a flattening of the reactant and product free energyEnzymes can lower the reorganization energy by changing the
curves with a concomitant reduction of the energy gap curvature of the diabatic free energy curvesy{ and Agy).

between them. The situation is illustrated schematically in
Figure 9, for an elementary chemical step, where it can be energy curves is lowered as a consequence of reducing the
appreciated that the intersection between the diabatic freereorganization energy, Note that the depicted reorganiza-

N enzyme

free energy

reaction coord.
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tion energy corresponds to that of the product state and that 34— T T - T T T
an analogousl can be defined for the reactant state. a2 | water |
Reduction of either of the two reorganization energies
(flattening of either of the two curves) will lower the free s r i
energy of the intersection point. Under the assumption of _ 2| :
quadratic free energy functions, the relationship between <_E> i |
activation and reaction free energy is given by Marcus §
formula (76) 2t -
b
. (AG,+ 1)2 @ 22 HIVP -
AG'dia - a1 (5) 20 le: ]
CatD
. . . 18 - HivP3 b
Here, it should be emphasized that eq 5 pertains to the
diabatic case with no mixing between the two states, of which " “—,—¢ 5 20 2 2 2 =
electron transfer is the classical examplé)( It is evident AG° (kcal/mol)
that for strongly adiabatic reactions, such as atom transfersgg pe 10: Linear free energy relationship for Pim II, Cat D, HIVP
with a large Hi, the use of eq 5 for derivind from (a and b correspond to substrates K-I-L-F-L-D and Q-V-L-A-I-A,

experimental activation and reaction free energies will greatly respectively), and the water reaction. Activation and reaction free
underestimate the magnitude/ofsince the adiabatic curves ~energies for thﬁ f'rStl reaction ste®{ |t0 ®) are plotted and
are treated as if they were diabat&8]. Nevertheless, such ~ S0rrespond to the values given in Table 2.

a type of analysis is quite commoi&-79) and can still  would also obey a LFER. We therefore used the calculated
yield useful predictions for different classes of reactions. values of the activation and reaction free energies for the
For adiabatic reactions, a changeA@° will also produce  first reaction step leading to the transient tetrahedral inter-
a change in activation free energys.4 that approximately  mediate in such an analysis, and the result is shown in Figure
behaves according to eq 5, and this is why the simplified 10. It can immediately be seen that there is a clear correlation
analysis using eq 5 can still work (although quantitatively for the three enzymes, PIm Il, Cat D, and HIVP (with two
underestimating the reorganization energy). The extensionsubstrates), with a Branst@dralue of~1. This thus implies
of Marcus formula to adiabatic reactions is, however, rather that a change in the free energy of the tetrahedral intermediate
straightforward and can be written &&0) has a very similar energetic effect on the transition state,
5 ) which is, of course, in qualitative agreement with the
AG. = (AGy+4)" F,00) T, + [H,,(XR) ()  Hammond postulate for the late TS. It can, however, be noted
ad 4), 12 AG,+ 1 that the uncatalyzed water reaction does not fall on the same
LFER as the three enzymes but lies8kcal/mol above it.
where the deviation of the adiabatic ground-state free energyThis is clearly a manifestation of the reduced reorganization
from the diabatic situation now enters through the lowering energy in the aspartic proteases, and a simplified analysis
of the energy due to quantum mechanical mixing both at using eq 5 shows that the average calculatetbr the
the reactantsHi2(Xg) term] and transition stateHf,(X?) enzymes is 37 kcal/mol while it is 67 kcal/mol for the
term]. uncatalyzed reaction. As discussed above, using the standard
Correlations between the activation free energy and the Marcus treatment for adiabatic reactions considerably un-
reaction free energy described by egs 5 and 6 can appear talerestimates the calculated reorganization energy, and if we
be linear within reasonable limits &fG° and are then known  instead evaluate it directly from our calculated free energy
as linear free energy relationships (LFERS) as observed, e.g.functions, its magnitude becomes200 kcal/mol for the
in Brgnsted plots. LFERSs often provide a powerful empirical enzyme reactions but the reduction effect remains. The
tool for analyzing chemical reactions, allowing predictions relatively large value ofl in this case is partly due to the
of the effects of changes in reaction free energy on the fact that we are treating a concerted reaction path, which
corresponding rates, and are well established for reactionscould, in principle, be divided into two elementary steps.
involving smaller organic molecule81). That enzymes also  Furthermore, it is worth noting that the calculated energetics
can follow the same type of relationships with respect to of the HAP enzymeZ3) does not fall on the aspartic protease
mutations or substrate modifications has been somewhatLFER, which most likely reflects the difference in the
controversial 82), but different experimental and theoretical catalytic groups.
studies have demonstrated that this is the c24e38, 79, The reduction of the reorganization free energy in enzymes
83—86). It should be noted here that the Marcus type of is associated both with a preorganized catalytic active site
equations given above really only applies to elementary steps,conformation and with the relative rigidity of that structure.
and this is one reason why it is hard to apply this analysis It has, however, recently been suggested that in HIVP it is
to enzyme kinetic data, where rate constants and free energiethe flexibility of the protein frame that is important and that
associated with intermediates are notoriously difficult to conformational fluctuations play a major role for the catalytic
obtain. The pioneering studies of Fersht and co-workers, effect by decreasing the free energy barrigd, (32). To
however, examined the effect of enzyme mutations on address this issue, we repeated the calculations with the two
equilibrium and rate constants for tyrosyl-tRNA synthetases HIVP substrates using atomic positional restraints of different
and found significant linear relationship83j. strengths (10.0 and 100.0 kcal mblA—2), applied to all
With the data from these calculations, it is of considerable heavy protein atoms except the two catalytic Asp side chains.
interest to see whether different enzymes of the same family The equilibrated enzyme structures generated earlier along
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the reaction pathway (for the 41 FEP points) were used asrate constants for the different six-amino acid substrates agree
references for the restraints in new FEP calculations. remarkably well with the experimental results. The quanti-
Relaxation of the enzyme along the reaction path is thus still tatively correct ranking of the two HIVP substrates is
retained, as the enzyme dipoles are still able to follow and particularly encouraging. After establishing the validity of
stabilize the charge transfer during the reaction, while our simulations, we investigated the key interactions between
conformational fluctuations are seriously damped. The the proteases and the tetrahedral intermediate. The replace-
recalculated activation barriers are found to be virtually ment of serine and threonine residues, which interact with
identical in these simulations, despite the fact that the effectthe outer Asp oxygens in PIm Il and Cat D by alanines in
of conformational fluctuations in catalysis is largely excluded. HIVP, can be rationalized in terms of different pH optima,
Although these calculations do not address the effect on theHIVP being active at higher pH. Furthermore, the strong
transmission coefficient for the reaction, they indicate that interactions between the reacting groups and Gly27 in HIVP
enzyme fluctuations, apart from motion along the reaction can partly compensate for these residues. It is also noteworthy
coordinate, do not have a major effect on the free energy that five structurally conserved water molecules in HIVP
barrier. provide a significant stabilization of the tetrahedral inter-
That some relaxation of enzyme dip0|es a|ong the reaction mediate and that, e.g., the absence of the PIm Il/Cat D active
is indeed important can be seen by determining reaction Site terSineS doeS not I’ender HIVP SIOWer because Of SUCh
profiles with restraints applied to only one reference structure COMpensating interactions. The structtemergy fingerprints
throughout the whole FEP calculation. By restraining enzyme (Figures 7 and 8) for the TI define the energetic character-
heavy atoms of HIVP/KILFLD by 10 kcal mot A~2 as istics of aspartic proteases but differ in details between PImll/
described above to the equilibrated conformation at the CatD and HIVP, demonstrating that it is the total effect of
reactant minimum,we found the activation free energy to the enzyme (including bound water molecules) that matters.
increase by~5 kcal/mol. This is in agreement with r&, The high catalytic rate of aspartic proteases is thus mainly
in which the same effect was found. The contrary is observed €xplained by the fact that the protein, together with structur-
if the restraints are applied with the TI structure as a ally conserved water molecules, provides a three-dimensional
reference, vyielding a reduction of the activation barrier by network of dipoles favorably oriented for catalysis. This was
~4 kcal/mol. This implies that some degree of relaxation is also shown to be associated with a significant reduction of
essential during the reaction, since it involves movement of the reorganization free energy for the reaction. Furthermore,
a negative Charge, but the same is true also for the Soiutionthe Stablllzmg effect on the transition state and the tetrahedral
reaction. Since catalytic efficiency is an interplay between intermediate is proportional as demonstrated by the calculated
the binding of substrates and catalytic turnover, it is natural linear free energy relationship. Despite large structural
to assume that increasing the catalytic rate by rigidifying differences between the studied aspartic proteases, they
the enzyme in a conformation complementary to the TS or follow the same LFER and are capable of catalyzing peptide
Tl, as in the last example above, is going to have an oppositedegradation at similar rates.
effect on binding. The significantly lower free energy barrier
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